¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2022.28189

250 (2022) 221-239
February

Paroxysmal black water events in reservoirs: the case of Tianbao Reservoir,

China

Robert Bofah-Buoh?, Yiping Li**, Ya Zhu?, Patrick Banahene?® Linda Akosua Nuamah?,

Eyram Norgbey?, Williams Kweku Darkwah®

“Key Laboratory of Integrated Regulation and Resources Development of Shallow Lakes of Ministry of Education,

College of Environment, Hohai University, Nanjing 210098, China, Tel. +8613813966025; emails: liyiping@hhu.edu.cn (Y. Li),
lanimap12@yahoo.com (R. Bofah-Buoh), 836674553@qq.com (Y. Zhu), ghbanahene@yahoo.com (P. Banahene),
nuamahlinda@yahoo.com (L.A. Nuamah), eyramn@hhu.edu.cn (E. Norgbey)

vSchool of Chemical Engineering, Faculty of Engineering, UNSW Sydney, 2052 NSW, Sydney, Australia,

email: williamsdarkwakwaku@yahoo.com (W.K. Darkwah)

Received 27 October 2021; Accepted 12 January 2022

ABSTRACT

Iron (Fe), manganese (Mn), sulfide (S), organic matter (OM) and Eucalyptus sp. have direct and
indirect influences on reservoir water quality and the aquatic environment. In this study, a 35-days
of the field study was conducted using the diffusive gradients in thin films (DGT) and the pla-
nar optode to address the unknown combined effects of Fe, Mn, OM and tannins from Eucalyptus
sp. on Tianbao Reservoir. Our results indicated that the hypolimnion was hypoxic due to ther-
mal stratification, which caused the reduction of insoluble Fe and Mn from sediments to benthic
water. Thermal stratification was severe on day 1 and was destroyed on day 35. The hypoxia added
greatly to the elevated positive fluxes (Fe**, Mn*, S*) measured on day 1. Black substances (iron
sulfide and manganese sulfide) were formed in the benthic region. Substantial decrease (p < 0.05)
in the content of Fe*, tannins and dissolved organic carbon (DOC) (overlying water) from days 1
to 35 revealed that these elements reacted to form black substances. The DIFS model showed that
the remobilization of Fe** was the non-steady-state case of “partially sustained” category from days
1 to 35. Thus, the utilization of the DGT and DIFS model is an excellent way to comprehend the
generation of black water in reservoirs. The variability in the fluxes and concentration of Fe and
DOC at the sediment-water boundary due to changes in oxygen and redox conditions provides
useful information on how to improve the quality of freshwater management designs.
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1. Introduction

Reservoirs across the world are vital to the ecosystem.
Reservoirs are of utmost importance since they provide ser-
vices such as water supply for domestic and industrial use,
irrigational use, generation of electricity, flood control pur-
poses and urbanization [1]. Presently, the pollution of res-
ervoirs due to iron (Fe) and manganese (Mn) has become

* Corresponding author.

an alarming concern across the world [2]. A high concentra-
tion of Fe and Mn influences the taste and colour of reser-
voir drinking water [3], posing as a severe threat to human
health. Health issues like neurobehavioral effects, liver can-
cer, respiratory, reproductive, renal damage, immunological,
mutagenic effects, and gastrointestinal toxicity have resulted
from the consumption of water with high Fe and Mn con-
centrations. Thus, it is imperative to study the management
of Fe and Mn in reservoir and its water quality assessment.
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The variability of Fe and Mn in reservoirs is strongly
affected by the distribution of dissolved oxygen (DO) con-
centration in the water column [4]. The water density and
oxygen content at varying reservoir depths are influenced
by thermal stratification. The water columns mix, and
oxygen finds its way to the bottom water when the strat-
ification is weak. The thermocline thickness is huge when
stratification is intensified, hence stopping the water col-
umn from mixing. When the hypolimnion is oxic (low/no
thermal stratification), Fe and Mn exist in their oxidized
forms (Fe and Mn oxyhydroxides) at the sediment-wa-
ter boundary (SWB). On the other hand, when the hypo-
limnion is hypoxic (DO concentration is more significant
than 2 mg L) during intense stratification, Fe and Mn
are reduced at the SWB. This causes the release of solu-
ble Fe and Mn from sediments to bottom (benthic) water
[5]. Water degradation in reservoirs (due to Fe and Mn)
adversely affects the ecology of the aquatic environment
by decreasing aquatic organisms’ productivity [6]. In addi-
tion to water degradation in reservoirs due to Fe and Mn,
much attention also needs to be given to pollution caused
by Eucalyptus sp. leaves. Eucalyptus sp. native to Australia
[7], can be found in more than 120 countries because of its
high economic value, wide adaptability, and rapid growth
rate [7]. In China, the area covered by the Eucalyptus sp.
plantations is more than 4 million hm? [9]. Although the tree
has many advantages, there are a few concerns raised due
to the planting of Eucalyptus sp. trees. The leaves contain a
high amount of tannic acid and are washed into the reser-
voir (via wind and rainfall). This affects the reservoir water
quality [10,11]. Black water phenomenon which occurs in
Southern China water systems is because of the complex-
ation reaction between Fe and tannins from Eucalyptus sp.
trees. This phenomenon has contributed to the profound
negative impact on aquatic system processes and func-
tions such as the depopulation of marine organisms [10].
Fe and Mn further contribute to black water formation in
reservoirs by co-precipitating with sulfide (S) in an oxy-
gen deficient environment to form black precipitates (FeS
and MnS) [12]. Thus, it is imperative to study interactions
between Fe, Mn, and Eucalyptus sp. trees during hypoxia
to understand their impact on reservoir water quality.

In this study, we hypothesized that the formation of
black in the reservoirs (during winter) in Southern China
was due to interaction between iron (Fe*) and tannins from
Eucalyptus sp. when the water column mixes (thermal strat-
ification ceases). To confirm this hypothesis, we carried out
field investigations using high-resolution (millimetre scale)
technique to understand the mechanistic pathway leading
to reservoir water degradation (black water).

The diffusive gradients in thin films (DGT), planar
optode and high-resolution peeper were employed to deter-
mine the synergistic effect of Fe, Mn, and Eucalyptus sp. in
deteriorating the water quality of Tianbao Reservoir. The
DGT device provides useful information on speciation and
bioavailability of trace metals compared to traditional meth-
ods [13]. Furthermore, the remobilization and resupply abil-
ity of trace metals at the SWB can be explored into details
using the Diffusive gradient technology and DIFS model
[14]. The yellow spring instrument water quality parame-
ter device was attached a high-frequency buoy to measure

the variation in oxidation-reduction potential (ORP) and
pH in the hypolimnion on a daily and hourly scale. The
Planar Optrode provided clear information in 2D at the SWB
on hypoxia variation. Thus, in this study, we used DGT,
HR-peeper, PO, YSI, DIFS model to unravel the release risk
and effects of Fe?", Mn? and Eucalyptus sp. leaves (tannins) on
the reservoir. Generally, most studies on water quality dete-
rioration (black water due to Fe, Mn, and Eucalyptus planta-
tion) focused on shallow water systems (rivers, ponds and
lakes) with few studies conducted in relatively deep reser-
voirs. In this research work, a 35-days field investigation was
conducted to unravel the drivers responsible for the water
degradation in reservoirs. Thus, the Tianbao Reservoir in
Southern China was investigated to:

e study the concentration and kinetics of Fe, Mn, and S to
understand their resupply kinetics, flux and remobiliza-
tion characteristics;

e study the variation in oxygen distribution (hypoxia)
with the aid of the planar optode to understand the
role hypoxia plays in black water development in the
reservoir;

¢ understand how tannins from Eucalyptus sp. can interact
with Fe to form black water in the reservoir;

e understand how changes in the thermal structure of
the reservoir contribute to black water formation in the
reservoir;

Until now, no such exploration has not been carried out
on reservoirs on a daily scale. Thus, this work constitutes
a first quantitative attempt to examine combined effects of
Fe, Mn and Eucalyptus sp. leave on reservoir water quality
using a high-resolution and high-frequency approach on a
daily scale.

2. Materials and methodology
2.1. Study design

The study approach was in fourfold. First, the water
quality properties of the reservoir were determined. Second,
we used the DGT and HR-peeper technique to understand
resupply kinetics and flux characteristics of iron, manga-
nese, and sulfide. Third, we conducted a 35-days field inves-
tigation to monitor the changes of Fe*, tannins, dissolved
organic carbon (DOC) (Eucalyptus sp.), oxygen content and
thermal structure at the SWB of the reservoir. Fourth, the
DIFS model investigated the remobilization of Fe* ions.
These steps are described in more detail in the following
sections.

2.2. Site description

The study site (22° 52" 15.84" — 22° 53’ 16.51"N, 108°12’
32" —-108°14’ 10"E) is in Nanning City of Guangxi Province,
Southern China (Fig. 1). The Eucalyptus trees are preva-
lent around the reservoir in Southern China and occupy
more than 65% of the total catchment area of the Tianbao
Reservoir [14]. For over 10 y, there has been cutting of
Eucalyptus trees in the research area. Thermal stratification
for Tianbao Reservoirs is from April to November, where the
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Fig. 1. Map of the study area.

bottom water has little or no oxygen [4]. During the mixing
period in early December, the water in the reservoir changes
to black during which the thermal structure of the reser-
voir is destroyed.

Four sites (S1 to S4) were investigated in November—
December 2019 (Fig. 1). S1 and S2 have a sampling depth
of 8.5 m, while S3 and 54 have a sampling depth of about
12 m. The water samples collected in the reservoir at dif-
ferent depths were divided into two layers (i.e., upper, and
bottom depth). The upper and bottom layers for S1/S2 was
0-5m and 5-8.5 m respectively while that of 53/54 was 0-7 m
and 7-12 m, respectively.

2.3. Sampling and chemical analysis of water column

The water temperature and oxygen content in the
reservoir, as well as the pH and reduction potential were
measured with the aid of YSI (Yellow Springs Instruments
EXO,) purchased from YSI Corporation, Yellow Springs,
OH, USA. The sampling was done in the reservoir water
column at an interval of 0.5 m on November 22 (day 1) to
December 23, 2019 (day 32). The water samples were col-
lected at intervals of 1 m using Plexiglass hydrophore
water sample collector (purchased from the Guangxi Water
Research Centre, China) for the determination of total iron,
total manganese, dissolved (soluble) organic carbon (DOC)
and tannins. The collected water samples were stored in
polyethylene water storage container with a volume of
500 mL. For temporary storage, 1.0 mL of nitric acid was
added to the water sample for the testing of Fe and Mn. For
sulfide, 1 mL of sodium hydroxide was added to the water
sample while no reagent was added to water samples for
the testing of DOC. After collection, the water samples were
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stored in a fridge at 4°C. Measuring of total iron and man-
ganese was performed using the Perkin Elmer Optima 8300
ICP-OES (Inductively Coupled Plasma-Optical Emission
Spectrometry), Winston-Salem, USA [3]. DOC was analysed
using the combustion infrared technique [16], and sulfide
was tested using the blue methylene spectrophotometer
technique [17]. The tannins content was measured using the
ultraviolet spectrophotometer technique [18].

2.4. DGT, HR-peeper and DGT-DIFS model technique
2.4.1. Usage of DGT and HR-peeper

The UWITEC core sampler (EasySensor Institute, China)
was used for sediment sampling (Fig. 1). Sampling was done
from November 22 (day 1) to December 23, 2019 (day 32).
The collected samples were stored for 24 h before deploy-
ing the DGT and HR-peeper (millimeter scale) device. The
EasySensor Company in Nanjing, China, provided the
millimeter scale devices for the experiment. In this study,
the amount of labile-Fe** and labile-S* at the SWB were
investigated using the ZrO-Chelex DGT and the Agl DGT
devices, respectively [4]. The HR-peeper was used to deter-
mine the dissolved soluble Mn?*, Fe* and DOC. The con-
centration, measured by the HR-peeper, is the hypothetical
sediment pore water concentration of the trace metal [13].

2.4.2. DGT and HR-peeper deployment and analysis

The complete guide about the usage of DGT and
HR-peeper devices has been previously discussed in our
work [4] and has been briefly presented here. The sedi-
ment samples were allowed to settle for 24 h after sample
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collection. First, the HR-peeper was driven into the sample.
Second, the DGT device was inserted after 24 h of placing
the HR-peeper device into the sediment column. The DGT
and HR-peeper were then removed and cleaned [4]. The
concentrations of labile Fe were measured with the Epoch
Microplate Spectrophotometer equipment. The content of
Fe? in the pore water (HR-peeper device) was acidized with
HNO, to prevent Fe(I) oxidation [19]. Ferrous Fe (Fe*) was
measured using the phenanthroline colorimetric method
[20]. Mn?*" concentration was measured using the spectro-
photometric method [21]. The ultraviolet photo-oxidation
technique was used to measure the content of DOC in the
samples. Measurement of standard solutions was assured
by the analytical quality control (QC) for Fe* and Mn*.
From the testing findings, a high correlation (* > 0.8) was
obtained. The standard deviations (relative) were 4.7% and
4.1%, for Fe** and Mn? respectively.

2.4.3. DGT content measurement

The amount of Fe** and S* was calculated according to
Eq. (1) [17].

MAg
per = A ; 1)
where C, . is measured based on the mass M (ng) col-

lected on the binding gel; g (cm) layer thickness (diffusive
gel, membrane filter and diffusive path length), D (cm? s)
the target analyte’s diffusion coefficient; ¢ (s) deployment
duration; A (cm?) sampling window’s area.

Table 1
The definitions of the DIFS model parameters

2.4.4. Flux measurement at SWB

The net flux at the SWB was measured following Eq. (2):

aC aC
F=F,+F,=-D, (DGT] — oD, (DGT J 2)
Xy ) X ) o

where F (g cm™ s7) is the net flux measured at the SWB.
F, (g cm?s”) and F, (g cm™ s™') are labile fluxes (Fe*, Mn*
S*) from benthic water to SWB and from sediment to SWB,
respectively. (8CDGT / 6XW) <o) and (6CDGT / 0X )(x=o) are con-
centration (labile) gradien& ‘in benthic water and sediment
respectively. D, (cm? s7') and D, (cm? s™') are element’s dif-
fusion coefficients in sediment and benthic water respec-
tively. @ is the sediment’s porosity.

Gradient distance (at SWB) is 10 mm [4,12]. The poros-
ity was determined following a study by Tamura et al. [20]

[Eq. 3)].

Wi,
W), ®

where W refers to water content in sediment; d_and d  are
the mean density of sediment and benthic water.

2.4.5. DIFS model

The DIFS model investigated the remobilization of iron
(Fe?") at the SWB. The parameters of the model are presented
in this research work (Table 1). The parameters were com-
puted following Egs. (4)—(11) [14]. The detailed guide for

Parameter Definition Input/Output
Cpoop mg L DGT concentration Input
C, mol g Solid-phase’s available concentration Input
Creeper (Cp)y mg L7 Dissolved/soluble concentration Input
R Ratio of DGT concentration to soluble concentration Input
K, cm’ g™ Distribution (equilibrium) coefficient between pore water and solid-phase Input
P,gcwm? Particle concentration Input
b, Porosity of diffusion layer Input
&, Porosity of sediment Input
D, cm*s™ Coefficients of diffusion layer Input
D, cm’s™ Sediment’s diffusion coefficients Input
T,h Time of deployment Input
Ag, cm Thickness of diffusion layer Input
T,s (De)sorption process’s response time Output
K, s Rate constant of sorption Output
K, s? Rate constant of desorption Output
C, mol cm™ Gap water’s concentration Input
H,mgg" Acid-soluble/exchangeable fraction of Fe Input
W, g Mass of wet sediment Input
W, g Mass of the sediment after drying at 105 Input
p, g cm™ Density of the water Input
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the usage of the DGT-DIFS model has been provided in

supplementary Fig. S1.
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In this study, the acid-soluble/exchangeable frac-
tion of Fe(Il) [H, in Eq. (8)] was calculated following past
reports [23]. Acetate buffer with a pH of 2.8 was used for
extracting ferrous iron from the sediment [23].

2.5. Oxygen distribution at the SWB

The Planar Optrode (EasySensor instrument) COM6
device investigated the changes in oxygen content at the
SWB in two-dimension (2D). The images measured using
the PO device provided reliable information of the oxygen
(hypoxia) distribution at the SWB in mm. The principle and
usage of the Planar Optrode device can be found in past
works [24].

2.6. Data analysis

Microsoft Excel 2016, Origin Software and SPSS 23 were
used to process the data. The data was analysed using anal-
ysis of variance (ANOVA) in Origin 2018 Tool Pak. A sig-
nificant value was set at 0.05. Each concentration obtained
in the study represents the mean of at least three replicates.

3. Results and discussions

3.1. Variation in water temperature, DO, ORP
and pH conditions from days 1 to 32

The 32-days field observation (November 22 to December
23) showing the water temperature, DO, ORP and pH con-
ditions in Tianbao Reservoir with depth has been illustrated
in Figs. 2, 3 and S1. The Tianbao Reservoir was greatly
affected by the natural phenomenon of thermal stratification.
At S3, the reservoir was thermally stratified from days 1 to 14

water- Temp( C)

21.80
21.06
20.31
19.57
18.83
18.09
17.34
16.60

&2324252627282930I 2 3 4 5 6 7 8 91011121314151617181920212223

November, 201
Day1 Day 1 a

D epthlm

oxygen (mgIL)

7.860
6760
5660
4
4560
3.460
2360
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0.1600

2223242526272829301 2 3 4 5 6 7 8 9 1011121314151617181920212223
Day1 Day 14 Day32

Depth/m

Fig. 2. Variation in (a, b) water temperature and (c, d) dissolved oxygen profiles at 53 and S1 of Tianbao Reservoir from November 22,
2019 (day 1) to December 23, 2019 (day 32). Data was collected at 12:00 each day. Water column depth = 12 m. Detailed temperature
and dissolved oxygen variation at these sampling sites have been presented in Fig. S1.
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with a significant difference (p < 0.05) in water tempera-
ture for the epilimnion (0-6 m) and hypolimnion (6-12 m)
(Fig. 2a). The thermal stratification was weak after day 14
(p > 0.05) with an insignificant difference between the epilim-
nion and hypolimnion (Fig. 2c). The DO content was below
2 mg L™ for the bottom water at S3, indicating the bottom
water was hypoxic during the 35-days field observation.
For S1, the thermal structure was weak and began to disap-
pear around day 14 (Fig. 2b). The DO content in the bottom
(benthic) water was hypoxic (smaller than 2 mg L™) for days
1 to 12 (December 3, 2019). However, the DO content was
more than 5 mg L™ after day 14 (Fig. 2d).

Fig. 3 gives an illustration of ORP and pH respectively
at the sampling point S1. In this study, the ORP value
increased when the DO concentration increased. Similarly,
when the DO content decreased, the ORP also reduced, sug-
gesting a reducing environment in the bottom water (Figs. 2
and 3). At S3, the ORP values at 11-12 m (bottom water) were
negative throughout the 35-days field observation (Fig. 3a.).
The ORP values (11-12 m) ranged from -199 to -95 mV
while the pH varied from 6.8 to 7.2 at S3. Contrastingly,
the ORP values at S1 were negative (at 8-8.5 m) from days
1 to 12 (December 3, 2019) and were positive (range: 121.8—
290 mV) from days 14 to 32 due to the presence of oxygen.
The pH during this period ranged from 6.8 to 7.2.

3.2. Variation in the concentration of total Fe, Mn, tannins, DOC,
and sulfide in water samples of the reservoir from days 1 to 32

Table 2 shows the changes in the mean concentrations of
total Fe (TFe), Mn, tannins, DOC and sulfide in the surface
water and bottom water of the reservoir from days 1 to 35 at
the sampling sites. The total Fe and Mn concentrations (S3)

S3 ORP (Mv)
2380

2223242526272829301 2 3 4 5 6 7 8 9101112131415161718192021222324

lovember, 2019 December, 2019
Day1 Day 14 Day32

©

2

Depth/m

7.610

- 7.404
7.378

7.261

7.145

7.029

6912

- 6796
-12 6,680

22324252627282930I 23 4 5 6 7 8 91011121314 15161718192021222324
Day32

in the bottom water (6-12 m) were higher than that of the
surface water (0-6 m) (Table 2) indicating the reservoir sed-
iment serves as the source of Fe and Mn [25]. Specifically,
for S3, the TFe in mg L™ was from 0.04-0.17 in the surface
water (epilimnion) while TFe in the bottom water (hypo-
limnion) was from 0.05-4.92 from days 1 to 35. For S1, the
TFe measured in mg L was from 0.04-0.77 in the surface
water while TFe was from 0.05-4.92 mg L™ in the bottom
water from days 1 to 35. Similarly, Mn measured in mg L™
was from 0.13-1.23 (S3) in the surface water while in the
bottom water, Mn varied from 1.12 to 2.58 mg L™ from days
1 to 35. For S1, the variation of Mn in the surface water
ranged from 0.13 to 0.5 mg L™ while it ranged from 0.5 to
2.8 mg L™ in the bottom water. For S1, there was a slight
decrease in the concentration of TFe in the epilimnion and
hypolimnion from days 8 to 14 (Table 2). The variation of
tannins over the 35-days field investigation showed an
irregular sequence (Table 2). The range of tannins concen-
tration (S3 and S1) in the surface water from days 1 to 35
was from 0.15 to 1.7 mg L™ while that in the bottom water
was from 0.14 to 2.84 mg L. Specifically, there was a sub-
stantial depletion (p < 0.05) in the tannins content at S1 from
days 1 to 8. Similarly, the substantial depletion (p < 0.05)
in the tannins content at S3 occurred from days 8 to 14.
The DOC concentration in the surface water ranged from
3.95% to 34.5% while the DOC concentration in bottom
water ranged from 5.1% to 32.7%. Compared to the surface
water, there was no significant change in DOC concentra-
tion at the bottom water. The sulfide concentration in the
reservoir water was generally low throughout the field
observation. The ranges of sulfide concentration were 0.005
to 0.011 mg L and 0.005 to 0.012 mg L™ for the surface
and bottom water respectively (Table 2).
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Fig. 3. Variation in (a, b) oxidation-reduction potential and (c, d) pH at 53 and S2 of Tianbao Reservoir with time from November 22,
2019 (day 1) to December 23, 2019 (day 32). Data was collected at 12:00 each day. Water column depth = 12 m. Detailed oxidation—
reduction potential and pH variation at these sampling sites have been presented in Fig. S1.
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The concentration of TFe is sensitive to the variation in
the ORP values. For S1, the ORP value was negative from
days 1 to 12 and became positive from days 14 to 32 due to
the presence of oxygen. This led to reduction of the concen-
tration of TFe from 0.46 to 0.06 mg L™ (i.e,, from the nega-
tive period (days 1 to 12) to the positive period (days 14 to
32)). Similarly, the mean concentration of Mn reduced from
0.96 mg L™ to 0.1 during this same period suggesting that
Fe and Mn are controlled by the changes in the ORP values
(Fig. 3 and Table 2).

Significantly different when the letters of each metal
are different (p < 0.05, confidence interval 95%, descriptive
statistics; a = 0.05, one-way ANOVA.)

Each measured sample represents the mean of at least 5
replicates.

3.3. Spatial and temporal variation of Fe** Mn** and S* at the
SWBon day 1

3.3.1. Pore water concentration and apparent flux of Fe*
and Mn?** on day 1

Fig. 4 is an illustration of the calculated pore water con-
centrations of Fe* and Mn* on day 1. The ranges (aver-
ages) of Mn? in mg L™ at S1, S2, S3 and S4 were 5.23-9.76
(7.24), 5.84-8.98 (8.19), 0.22-10.72 (7.31) and 6.06-8.81 (7.89)
respectively. That of Fe** were 7.43-18.37 (13.74), 14.99-30.11
(24.15), 6.34-16.99 (11.37) and 8.89-16.00 (11.82) respectively.
The apparent fluxes of Mn?*" and Fe* at S1 to 54 are depicted
in Fig. 4. For Mn*" and Fe?, the differences in the appar-
ent flux values at S1 to S4 were insignificant (p < 0.05). The
fluxes for Fe*" ranged from 34.5 to 141.37 mg m™ d™ while
that of Mn* ranged from 3.95 to 12.3 mg m™ d™'. The max-
imum and minimum flux for Mn*" happened at 54, and S1
respectively. Again, the maximum and minimum flux of Fe?
happened at S2 and S4 respectively. The fluxes for Mn?* and
Fe? at S1 to S4 were positive.

3.3.2. Sulfide distribution and diffusive flux on day 1

The depth profile for S* at S1 to S4 on day 1 (November
22, 2019) is depicted in Fig. 4. The depth profile was calcu-
lated from the 2-D pictures depicted in Fig. S2. A varying
distribution of S* was pictured at S1 to S4 (Fig. S2). The
mean concentrations of 5* (computed in mg L™) in the ben-
thic water were 0.012, 0.016, 0.015, and 0.01 for S1, S2, S3
and S4 respectively. Similarly, the mean concentrations of
S* (computed in mg L) in the sediments were 0.023, 0.025,
0.024, and 0.031 for S1, S2, S3 and 5S4, respectively. The diffu-
sive fluxes in mg m? d™! of S* ranged from 0.0006 to 0.003,
respectively (Fig. 4). The maximum and minimum flux
occurred at 53 (0.003 mg m2 d ™) and S1 (6.02E-4 mg m2d™)
respectively.

3.4. Variation in Fe** and DOC (Eucalyptus sp. leaves)
in reservoir sediments from days 1 to 32

The spatial variations in the depth profile of DGT labile
Fe and DOC for days 1, 14 and 32 have been depicted
in Fig. 5. The content of DGT-labile Fe during the field
study showed a low mean concentration (<1 mg L) in
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the overlying (benthic) water and a high concentration
(>10 mg L) within the sediments for S3 and S1 (Fig. 5).
The changes in the vertical profile of DGT-labile Fe increased
with depth (from 30 to -30 mm) and later remained constant
with depth (from -30 to ~110 mm). The average concentra-
tions of DGT-labile Fe for S3 in the overlying (benthic) water
were 0.78, 0.93 and 0.09 mg L for days 1, 14 and 32, respec-
tively. At S1, the average concentrations of DGT-labile Fe
(computed in mg L) in the overlying (benthic) water were
0.95, 0.73 and 0.18, respectively (Fig. 8). There was a signif-
icant decrease in Fe?* concentration in the overlying water
for S3 and S1 from days 1 to 32 indicating that Fe** was con-
sumed during the 32-days field observation (Figs. 5 and 6).
For the concentration of DGT-labile Fe in the sediments, the
mean concentration for S3 on days 1, 14 and 32 were 12.52,
11.13 and 11.81 mg L™ respectively. Similarly, concentra-
tions at S1 were 14.71, 16.59, and 15.87 mg L respectively.
There was no significant difference in Fe? concentration
in the sediment for S3 and S1 from days 1 to 32 (Fig. 6).
A high positive apparent flux for Fe* was observed from
days 1 to 32 (Fig. 7). The flux (Fe?") increased from days 1 to
14 and decreased significantly (p <0.05) after day 14 for both
S3 and S1.

For DOC, the mean concentration in the overlying (ben-
thic) water was significantly (p < 0.05) lower than that in
sediments (Fig. 6). At S3 and S1, the mean concentration
recorded in the overlying water over the 32-days period
fell below 12% while the mean concentration of DOC in the
sediments was more than 22% (Fig. 6). The changes in the
vertical profile of DOC were similar to that of Fe?*. DOC con-
centration increased with depth (from 30 to -20 mm) and
later remained constant with depth (from —20 to -110 mm).
Specifically, the mean concentrations of DOC in the over-
lying water for S3 were 11.84%, 3.87%, 5.02% for days 1,
14 and 32 respectively while that of S1 was 11.35%, 9.2%,
5.53% for days 1, 14 and 32, respectively. There was a sig-
nificant decrease in DOC concentration in the overlying
water for S3 and S1, indicating that DOC was also con-
sumed during the 32-days field observation as recorded for
Fe? (Fig. 6). As indicated in Fig. 6, there was a significant
change (p < 0.05) for the DOC concentration in the overlying
water for day 14 compared to day 1. The trend was similar
(p < 0.05) when the DOC concentration for day 32 was com-
pared to day 1 for both S3 and S1 in the overlying (benthic)
water. For S3, the content of DOC in the sediments on days
1, 14 and 32 were 30.37%, 22.55%, 29.16% respectively while
that of S1 were 34.61%, 26.79%, 36.03%, respectively. There
was no significant difference in DOC concentration in the
sediment for S3 and S1 when day 1 was compared to that
of day 32. However, the difference was significant (p < 0.05)
in the overlying water (for S3 and S1) when day 1 was com-
pared to day 14 (Fig. 6). During this period, the variation in
oxygen molecules at the SWB was monitored (Fig. 7). For S3,
the SWB was hypoxic during the 32-day field observation
while oxygen was detected on days 14 and 32 for S1.

3.5. Variation in the remobilization/replenishment of Fe**
from days 1 to 32

DIFS model parameters for days 1, 14 and 32 are pre-
sented in Table 5. After running the model, K , K, and T,
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Fig. 4. Distributions of pore water concentrations and apparent flux of Fe*, Mn* and 5* with depth at the sampling sites (51-54) in

Tianbao Reservoir on day 1.

were measured (Table 5). Fig. 8 consists of graphical rep-
resentations of changes in resupply parameter (R) val-
ues against the deployment time (T) for Fe?" in Tianbao
Reservoir. For S3, the resupply parameter (R) value

recorded during the hypoxic period was greater than 0.7
for both days 1 and 14 and later decreased to 0.44 on day
32. For S1, the R-value for days 1, 14, 32 were 0.72, 0.46 and
0.68, respectively.
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Fig. 5. Temporal and vertical profile variations of the concentrations Fe? and DOC at S3 and S1 during the 32-days field investigation.

4. Discussion

4.1. Role of metal fluxes and tannins from Eucalyptus sp.
leaves in water blackening

4.1.1. Variation of Fe*', Mn*, S* fluxes due to redox
conditions

Diffusive flux (Fick’s first law) obtained from the DGT
device between the sediment and water provides reliable
information on the dynamics of pollutants at the SWB
compared to traditional ex-situ methods [26]. For Fe*" and
Mn?, the positive net diffusive flux (range: 34.5 to 141.37
and 3.95 to 12.3 mg m™ d' respectively) proved that Fe*
and Mn?" moved from the sediment to the hypoxic overly-
ing water. The mean diffusive flux of Fe*" (73.25 mg m=2d™)
identified in the present research was substantially greater

than that of other reservoirs in China like Aha Reservoir
(5.58 mg m? d ) and Hongfeng Reservoir (0.89 mg m2d™).
Likewise, the mean flux of Mn?*" (9.11 mg m™? d™') was grea-
ter than that of China’s Jinpen Reservoir (7.5 mg m™2 d™).
The study found an average flux of 0.002 mg m™2 d™ for
S* in contrast with the negative mean flux observed in
Taihu Lake, China.

The incidence of black water events in water bodies has
been attributed to hypoxic environments and the availabil-
ity of divalent/trivalent metals [17]. From our study, the
limited DO content at the SWB (pictured in Figs. 2 and 7)
was primarily attributable to reservoir thermal stratifica-
tion, which created a reducing environment in the process.
In a hypoxic setting, the biogeochemical cycle of Fe, Mn
and S is greatly affected by sulphate-reducing bacteria (SB)
and iron-reducing bacteria (IB). Hypoxia and negative ORP
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provides the optimal environment for the efficient function-
ing of SBs and IBs. SBs and IBs convert iron, manganese and
sulfide into their divalent and trivalent forms combining
to generate black precipitates (FeS and MnS). The positive
relationship observed (Table 3, Figs. S3 and S4) for iron—
sulphur (r > 0.06, p < 0.05) and manganese-sulfur (r > 0.25,
p < 0.05) confirmed that the source of the black sediments
in the reservoir was due to Fe and Mn.

4.1.2. Fe** and Eucalyptus sp. leaves (tannins) interaction

Reducing conditions (low oxygen and low ORP) cause
significant metal efflux to the overlying (benthic) water
from the sediments. On the other hand, the efflux of met-
als is low when the conditions are oxidizing [5]. In this
study, the fluxes of Fe*" were variable during the 35-days
field investigation due to the different reducing conditions.
Based on the diffusive fluxes measured, the oscillations were
low during the oxidizing conditions and were high during
the reducing environment (S1, Fig. 6). This variation of the
fluxes corresponded with changes in DO concentration and

ORP values at the overlying water of the reservoir. For S3,
the low ORP values and DO concentration observed during
the 35-days observation period indicated that the primary
electron-accepting mechanism responsible for the high
Fe? at the SWB was Fe reduction [27]. For S1, day 1 had a
highly reduced environment compared to days 14 and 32
(Fig. 3). The results revealed that the Fe-reduction process
was already taking place on day 1. The Fe* flux decreased
when the environment changed from a reducing condition
(day 1) to the oxidizing environment (day 14). The Fe* flux
reduction was even significant (p < 0.05) when the reducing
conditions completely disappeared on day 32 (Fig. 6).

The tannins from Eucalyptus sp. trees are substantially
greater than that of other aquatic plants. Water bodies
that contain Eucalyptus sp. leaves change colour due to the
existence of tannins [3]. In this study, Eucalyptus sp. trees
which mainly surround the Tianbao Reservoir affected
the reservoir water quality by altering the tannins con-
centration in the reservoir. The mean and range of the
tannin’s concentration recorded in the reservoir was 1.94
and 0.2-2.7 mg L respectively (Table 2). The 32-days field
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Table 3
Correlation analysis (r*) for Fe*, Mn* and S* at the sampling
sites

r’ S1 52 S3 54
Fe-S 0.3 0.8 0.6 0.3
Mn-S 0.1 0.6 0.5 0.4

investigation conducted on the reservoir suggested that
the thermal structure in the reservoir began to disappear
on day 14 causing the mixing of the reservoir water col-
umn (allowing the Fe?" ions to move freely from the bottom

water to surface water). Similarly, the reservoir water black-
ening occurred on day 14 suggesting that both the black
precipitates (FeS and MnS) and Fe*" were transported from
the overlying water throughout the water column when
the thermal structure ceased to exist. The later (Fe**) then
reacted with Eucalyptus sp. trees’ tannins to form black sub-
stance (Fig. S5) [3]. This assertion was further supported by
the substantial decrease (p < 0.05) in the concentration of
tannins in the reservoir between days 8 and 14 (Table 2).
Subsequently, the substantial decrease (p < 0.05) in Fe*
ions content from day 1 (no black water) today 32 (black
water) also suggested that Fe** was consumed during the
complexation reaction with Eucalyptus sp. tannins. The
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high correlation between Fe-DOC (Table 4) further indi-
cated that black materials formed in the reservoir were
due to the complexation reaction between Fe?" and DOC.

4.2. Replenishment ability/remobilization behaviour of Fe*

Numerous studies have used the DGT-DIFS model to
analyse the kinetics, release dynamics and the remobiliza-
tion of elements at the SWB [4]. The DGT-DIFS program
provides a better understanding of the remobilization
of Fe? at the SWB under different reducing (ORP) condi-
tions. The resupply parameter (R) from our study pro-
vided important details on Fe reactivity and susceptibility
within the sediments [28]. After simulation of the model,
the parameters (T, K, and K ) (Table 5) were used to assess
the kinetic characteristics and release mechanism of Fe? in
the sediment at the micro-level [28]. The R-values describe
the level of reactivity of Fe within the sediments. R-value
of 1 means sediment is profoundly reactive whiles R-value
of 0 means sediment is not reactive [14]. The R-value for S3
was reactive (0.75) on day one but a decrease in the level of
reactivity on days 14 and 32 was recorded with R-values
of 0.71 and 0.44, respectively. For S1, a similar trend was
observed with the reactivity decreasing from 0.72 (day 1)
to 0.46 (day 14). The decrease in the reactivity of Fe*" from
days 1 to 32 may be due to the change in the reducing
environment and production of black precipitate (FeS and

Table 4
Correlation analysis (%) for Fe** and DOC at the sampling sites
during the 32-days field investigation

MnS as discussed in section 4.2.1) in the sediments on day
14 (reservoir colour begins to change to black on day 14).
These black materials produced may be the cause of the
reduction in the reactivity of Fe? in the sediments. The
decrease in reactivity also indicates that that the sediments
(day 1) at S3 and S1 could quickly liberate Fe?" to the benthic
water than on days 14 and 32 [29]. In fact, on day 32, the
lowest extent partially sustained case was computed at S3
with a R-value of 0.44. The lowest reactivity occurring at
S3 (day 32) was further supported by the lowest average
mean value of Fe*concentration recorded in the overlying
water. Demonstrating that the sediments could not release
Fe to the overlying water on day 32 compared to day 1.
The mean Fe? concentration in day 1 was significantly
higher (p < 0.05) than that for day 32 in the overlying water.

Numerous studies have revealed SBs and IBs co-exist
in a hypoxic environment [17] and are responsible for the
production Fe** and S* in the overlying water. In this study,
S3 was hypoxic throughout the 32-days with an increased
production of FeS. The reactivity of Fe* thus decreased
in the sediment in this order: day 1 (R = 0.75) > day 14
(R=0.71) > day 32 (R = 0.44). For S1, hypoxia existed from
days 1 to 12; however, the DO content was greater than
5 mg L™ after day 14. The higher DO content revealed that
the production of FeS in the SWB at S1 ceased since SBs
and IBs responsible for Fe?* and S* production function in
a hypoxic environment [30,31]. This may explain the insig-
nificant and irregular pattern for the sediments reactivity
after day 14 (S1).

According to the different R-values chart (Fig. 8), the
resupply mechanism of Fe*" in the sediments from days 1
to 32 (under different reducing conditions) can be grouped

Sampling sites r Day 1 Day 14 Day 32 as the non-steady-state case. This falls under the “partially
s3 Fe-DOC 09 0.9 0.9 sustained” category [28]. The maximum desorption rate
s1 Fe-DOC 0.9 06 0.9 (K_) for S3 and S1 occurred on day 1 and reduced follow-

© i i i ing this sequence: day 1 > day 14 > day 32 as presented in

Table 5
The input and output parameters of the DIFS model
Input
Time  Site R K, P, D, D, o, 6. C, F, Cocr Ag
(cm’g?) (gem?®) (cm?s?)  (cm?s™) (mgL?) (mgg') (mgL') (cm)
Day 1 S3 075 6292 0.42 557E-06  4.31E-06 0.75 086 9.17 0.58 6.87 0.093
Day 1 S1 072  48.77 0.58 5.57E-06  3.99E-06 0.75 0.82 13.86 0.68 9.94 0.093
Day 14 S3 0.71  141.55 0.28 557E-06  4.648E-06 0.75 091 1233 1.75 8.82 0.093
Day 14 Sl 0.46  83.00 0.24 5.57E-06  4.74E-06 0.75 092 24.07 1.99 11.04 0.093
Day32 S3 0.44 83.92 0.58 5.57E-06  3.99E-06 0.75 082 11.77 0.98 513 0.093
Day32 Sl 0.68 71.58 0.87 5.57E-06  3.55E-06 0.75 075 9.71 0.69 6.60 0.093
Output

Time Site T (d) K, (d™) K, (d?)
Day 1 S3 0.21 4.68 0.18
Day 1 S1 0.25 4.04 0.14
Day 14 S3 0.29 3.42 0.09
Day 14 S1 1.62 0.62 0.03
Day 32 S3 0.29 3.46 0.07
Day32 S1 1.57 0.64 0.01
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Table 5. The T parameter gives details about the (de)sorp-
tion response time, with S3 recording the highest time
(0.29 d) on day 32, which coincided with the lowest K , value
of 0.07 d™'. This indicated that the resupply kinetics of Fe?'
ions from the sediment to the pore (benthic) water was the
slowest on day 32. Similarly, on day 1, S3 recorded the low-
est response time for (de)sorption of 0.21 d (corresponding
to the highest K, (0.18 d™"). The exchange dynamics of Fe*"
ions between the pore (benthic) water and sediment was
highest and occurred on day 1.

4.3. Implications of black water on aquatic ecosystem
and management practices

Several studies [4,17] have proclaimed that black water
development (associated with high tannins concentration
from Eucalyptus plantation and FeS production from the
hypoxic SWB) impedes the movement of sunlight into the
water system which affects the photosynthesis of plants and
algae and in turn disturbs the aquatic environment cycle.
The results from our study support these arguments in that
it reveals how the occurrence of the reservoirs blackening
takes place. Furthermore, the study demonstrated how
tannins from Eucalyptus plantation and trace metals from
the reservoir sediments contribute to water quality dete-
rioration of reservoirs. The physical habitat of the aquatic
environment will be affected negatively due to low light
penetrations. This will affect fish productivity as well as
insecurity among water consumers [17]. The water sys-
tems (reservoirs) must be guarded from the development of
BW events. The main source of tannins responsible for the
occurrence of BW events is the leaves from the Eucalyptus
plantation. The continuous logging of Eucalyptus trees on
a large scale around the reservoirs will be catastrophic to
the aquatic habitat since these leaves will find their way into
the reservoir via wind or precipitation. To curb this prob-
lem, which does not only affect water quality but also poses
as a risk to the health of water systems, careful monitoring
and regulations of Eucalyptus trees should be implemented.
Logging should not be done during the rainy season since
heavy rains drive the fresh Eucalyptus leaves into the water
systems. Also, the new leaves should be dried after log-
ging to reduce the tannins content in the leaves (in case
the leaves find its way into the water system). Secondly,
the building of buffer zones to stop fresh leaves from the
Eucalyptus plantation from moving into the reservoir may
also be needed. Thirdly, the Eucalyptus trees can be planted
alongside other trees with fewer tannins concentration
to reduce its impact on water systems. The formation of
black materials (FeS and MnS) due to trace metals in res-
ervoir sediments is greatly enhanced by hypoxia. Fourthly,
the use of air aeration system to pump oxygen at SWB will
effectively reduce the production FeS and MnS [32]. Finally,
the erection of wells at a different spacing in the reservoir
will efficiently inject chemical oxidants into the reservoir
sediments to prevent the production of FeS and MnS [31].

5. Conclusion

In this study, we used the DGT, HR-peeper, planar
optode, DGT-DIFS model to determine the cause of BW

events. The 35-days experiment showed conclusively that
the content of Fe? and Mn?" ions were high in reservoir sed-
iments. The results indicated that the presence of hypoxia
was crucial to the substantial fluxes (Fe*, Mn%, S*°) detected-
at the SWB. The co-precipitation of Fe*, Mn?, 5> generated
black substances (manganese and iron sulfides) at the benthic
region (SWB). A substantial decrease (p < 0.05) in Fe*", DOC
and tannins (tannic acid) content from days 1 to 32 indicated
that the reaction between Fe?, DOC and tannins (tannic
acid) also caused BW.

The DGT-DIFS program showed that the resupply mech-
anism of Fe? ions in the sediments (S3 and S1) from days 1
to 32 can be grouped as “non-steady-state case”. Belonging
to the “partially sustained” category under different reduc-
ing conditions. The findings from the field investigation
present useful information for the planning, design, and
protection of water systems from deterioration.
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Fig. S1. Variation in water quality parameters (temperature, dissolved oxygen, pH, and oxidation-reduction potential) with depth at

S3 and S1 in Tianbao Reservoir for days 1, 8, 14, 20, 26 and 32.
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Fig. 52. High spatial resolution of 2D distribution of S*" across the SWB at the various sampling sites.
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